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Abstract
Maintenance of collagen I (Col I) and III (Col III) in a 3:1 ratio is necessary to promote
cardiac health. Increase in the relative amount of Col I within the myocardium, leads to an
imbalance of Col I:III during cardiac fibrosis, which has damaging effects on cardiomyocytes
(CM). To represent fibrous- and normal-cardiac tissue, gels composed of Col I:III ratios of 9:1
and 3:1 were developed and used to study resultant changes in CM function. Second harmonic
generation (SHG) microscopy, used to image Col I fibers, displayed a decrease in image
intensity with the addition of the non-second harmonic Col III in 3:1 gels. SEM showed a fiberrich structure in the 3:1 gels with well-distributed pores unlike the 9:1 gels or 1:0 controls.
Rheological analysis demonstrated a decrease in substrate stiffness with the increase of Col III
when compared to other cases. Finite element analysis used to estimate the forces exerted on CM
cultured in 3:1 gels showed that the forces were well dispersed and not concentrated within the
center of cells, in comparison with other cases. The presented model can be adopted to simulate a
variety of biomechanical environments where cells crosstalk with the Col-matrix in diseased
pathologies, generating insight on strategies for the prevention of fibrosis.
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Chapter 1: Introduction
1.1 COLLAGEN BACKGROUND
Collagen is found throughout the body within the extracellular matrix (ECM) and its
biocompatibility makes it well accepted by cells [1,2]. Being a structural protein found within the
ECM of connective tissue, multiple types exist with the most common being types I, II, III, IV,
and V, allowing for distinct functions within each tissue. Type II collagen is attributed to being
the main component of hyaline cartilage, a tissue found between joints that prevents the rubbing
and scraping of bones. Types I, III, and V on the other hand, form macrostructures capable of
providing tensile strength to areas of great stress such as that of bone, ligaments, and tendons.
The structure of various types of collagen is shown in Figure 1.1. Degradation of these collagens
within the ECM is also of great importance for tissue repair and regeneration. This process is
made possible by proteases, the most common being matrix metalloproteinase (MMP) and
allows for wound healing to occur following tissue damage [3].
Collagen gels are commonly used as 3D scaffolds that provide a similar environment to
that found in the wound healing process of connective tissue [4]. Previous studies have focused
on the effects of Col I on cardiac fibroblasts (CF), CM, and myofibroblasts. However, the
addition of Col III provides an ECM environment more characteristic of in vivo cardiac tissue.
This study introduces a new model solely composed of Col I and Col III in which the structural
and mechanical behavior of resident CM can be studied. Lower and upper limits were set to
include the ratios of Col I and Col III in 3:1 and 9:1, as the progression of fibrosis due to change
in ratios of Col I:III was tested. Previous studies that have attempted to fabricate such Collagenrich models have included the use of additional ingredients such as that of chondroitin sulfate
and potassium chloride whereas the model developed by us consists of Col I and III only to
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mimic ratios found in healthy and diseased heart wall [5]. Specific advantages conferred by the
Col I and III model in this study include the ability to depict interactions among cells and ECM
that may explain the progression of MI in cardiac tissue and lead to the development of clinical
phenotypes. The resultant effects of different Col I:III ratios on CM can be compared by
studying the cell behavior of CM in each gel of varying Col I and III concentrations. As stiffness
of the ECM is known to govern cellular behavior, mimicking physiological changes that occur as
a result of an imbalance in Col I and III leading to alteration of the ECM is an essential step in
strategizing approaches for restoring CM function in the cardiac tissue [6].

Figure 1.1: Structure of fibrous collagens I-VI [7].
2

1.2 STRUCTURE OF COLLAGEN I AND III
A natural myocardium ECM composition consists of proteins Col I and III in a ratio of
3:1, maintaining myocardial structure while allowing for contraction [8]. Col I is a heterotrimer
formed by two α1(I) chains and one α2(I) chain. Its triple helix formation is due to the presence
of glycine at every third amino acid with proline and hydroxyproline often being the amino acids
in between [9]. Col III is a homotrimer consisting of three α1(III) chains forming a triple helix.
Much like Col I, Col III is made by the similar amino acid sequence of glycine, X and Y, with X
and Y most often being proline and hydroxyproline. Figure 1.2 shows the 3D assortment and
amino acid links that form the triple helix of both Col I and III, while their molecular structure is
shown in Figure 1.3. Cross-linking of Col I solution occurs after the neutralization of its acidic
pH. This is due to amines being protonated at low pH levels, preventing them from being
reactive for bonding [10].

Figure 1.2: 3D and amino acid representation of Col I and III [11].
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Figure 1.3: Molecular chemistry of both Col I and III [12].
1.3 OVERVIEW
Within the cardiac TE field, several techniques have been approached by tissue engineers
to reverse heart damage. Heart tissue is known for being one of the tissues with least
regenerative capabilities [13]. The current most studied method for myocardium regeneration is
that of the cardiac patch. In this method, cells such as CM and progenitor cells can be transferred
into affected regions of the heart through the incorporation of such cells into an ECM based
scaffold as shown in Figure 1.4. The patch is then implanted into the myocardium in an effort to
aid the injured cardiac tissue in regenerating [14]. Using this method, tissue engineers seek to
deliver healthy CM and growth factors into the heart, allowing for the regeneration of affected
fibrotic regions. Even though this method is effective for small regions, its structural integrity
becomes compromised with greater surface areas. Heart generation requires various components
to come into play, some of which are not only cellular, but mechanical as well. TE approaches
are hence attempting to account for these components including innervation, restoration of ECM
homogeneity, and orientation of CM.
The structure for the proposed cardiac patch can be attributed to the use of a scaffold,
which allows for the passing of nutrients while providing the mechanical support needed by cells
to align into the desired tissue. Such a feat can be accomplished by managing the structure and
4

porosity of the scaffold based on the material in use [15]. Additionally, scaffolds used in cardiac
tissue engineering should be both hydrophilic and degradable, as hydrophilic properties allow for
the attachment of CM, while degradability ensures the scaffold is simply used as a template,
maintaining CM organization without compromising biocompatibility [16]. It must be noted that
aligned CM themselves are still susceptible to cardiac failure and must be adapted to
simultaneous contraction in order to attain their desired function. Bioreactors are devices
engineered to simulate desired conditions for a specific tissue. The heart for instance, contains
muscles that contract rhythmically according to electrical signals provided by the sinoatrial and
the atrioventricular nodes. Accordingly, a bioreactor specific for cardiac tissue must be capable
of inducing tensile and contractile forces, and electrical stimulations. [17,18]. The past 20 years
have displayed the merging of scaffolds and bioreactors in the formation of cardiac tissue to
facilitate restoration of the heart into its once healthy state.
A variety of tissues have been shown to be produced in vitro, all arising from different
cell type, scaffold composition, and post-fabrication conditioning. Despite differences in these
sectors, it is important that the materials in use be tested for their degradability, compatibility,
structure and mechanical properties [19], as these determine the success in being able to produce
tissues in vitro. For instance, a biocompatible scaffold that does not contain the proper structure
for the desired tissue may lead to the cells aligning in a different position than is required to
produce such tissue.

5

Figure 1.4: Formation of a cardiac patch using a cell seeded scaffold [20].

1.4 BIOMATERIALS
Biomaterials refer to naturally occurring or synthetically produced materials that perform
a specific function whether it is for structural or regenerative purposes. These are to be
biocompatible so as to not cause harm to cells, as this would lead to an immune response when
6

transferred in vivo [21]. This has led to the investigation of many biomaterials in which
biocompatibility, mechanical characteristics, and cytotoxicity are properties of key importance
[19].
The many biomaterial properties that must be studied for the success of tissue
engineering make it an interdisciplinary field involving medicine, biology, chemistry, physics,
and materials science. Cell proliferation, molecular composition, and microscopy are some of
many examples that are used to characterize biomaterials, emphasizing the importance of a
collaborative effort within fields when engineering tissue.

Table 1.1: Comparison of Col I hydrogel properties and those of a Col I:III system [22].
Col I

Col I/III

Gelation Curve

Sigmoidal

Sigmoidal

Porosity

Highly porous with thick
fibers

Mechanical Strength

Elastic modulus can be altered
by changing the concentration
(mg/mL) of Col I
Shown to be biocompatible
with cardiac, skin, liver, lung,
muscular, and vascular cell
types
Thick fibers organized in a 3D
structure that is great for
studying the attachment of
cells within a fibrotic
environment

Porosity is adjustable and can
mimic ECM of healthy or
fibrotic tissue
Elastic modulus can be
altered by changing the Col
I:III ratio
Biocompatible with cardiac
cells. Further research
involving other cell types is
required
Col I:III ratio can be adjusted
to form 3D structures of
varying fiber thickness for
the study of cells within both
healthy and fibrotic
environment

Cytotoxicity

Microenvironment
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1.4.1 Hydrogels
Hydrogels have been of great interest in tissue engineering and have been used in the
regeneration and restoration of various types of tissues. Hydrogels are described as networks of
hydrophilic polymers that may be held together by physical intermolecular bonds or crosslinked
through covalent bonds. Additionally, their porosity allows for nutrients to reach cells throughout
the scaffold all while isolating the cells from the external environment.
Hydrogels are often used in tissue engineering due to their ability to be casted into
practically any shape, enabling researchers to study various types of tissue restoration. One of the
many features that hydrogels provide researchers is their ability to mimic conditions in the ECM
important for cell functions. Both biochemical and physical cues are known to provide cells with
stimuli that lead to cellular functions required for tissue repair. For example, certain proteins and
polysaccharides found in ECM promote stem cell differentiation. Additionally, mechanical stress
within the ECM controls and stimulates growth, change in shape, and differentiation of cells
[23]. The combination of both biochemical and physical stimuli within hydrogels is important for
tissue structure and function, and its overall ability to regenerate damaged tissue.
Hydrogels must have efficient porosity in order to allow for the inflow of nutrients as
well as provide cells with enough space to proliferate. Other factors that must also be taken into
consideration in the use of hydrogels for tissue engineering include cytotoxicity, structural
stability, and cell adhesion [24]. Depending on its use (space filling scaffold or cell delivery), the
hydrogel may additionally have to be increasingly degradable. While this study focuses on the
biochemical and physical cues of our hydrogel, previously mentioned factors such as structural
stability and cytotoxicity were also implemented. Although hydrogels are frequently used as
biomaterials for scaffolds, they encompass only part of the many scaffolds that are studied for
tissue generation. Regardless, hydrogels fall under a special semi-synthetic zone, being able to
mimic conditions within the ECM while not always being a material naturally found within the
body.
8

1.4.2 Scaffolds
Scaffolds are engineered biomaterials designed to provide structural support to promote
tissue formation. Cells must first properly attach onto ECM before being able to grow and
proliferate. Furthermore, they do so based on the contents and characteristics of the ECM, from
which they obtain their cell morphology and function. Scaffolds rely on this biological principal
to promote cells to grow and organize into the desired tissue. Because tissues within the body are
organized in 3D, scaffolds that allow cells to grow in 3D are favored within the field of tissue
engineering. Growing cells within 3D scaffolds has been a common approach for the
regeneration of various tissues. Characteristics required by scaffolds for successful and
maintained tissue growth include high porosity, biodegradability, sustained mechanical integrity,
and biocompatibility [25]. Selecting the correct biomaterial for the formation of the scaffold is
the first step in meeting these requirements. For example, if the scaffold is to only act as a
template during cell proliferation in vitro, the biomaterials chosen must maintain a stable
structure until the cells themselves produce ECM with enough mechanical stability. After the
ECM is able to support the cells, the biomaterial must then be able to degrade to avoid any
potential stress bearing that weakens the tissue. Alternatively, if the scaffold is to support the
tissue until it has been implanted in vivo, biomaterials selected must degrade at a much slower
rate to allow the host tissue to incorporate and adapt the implanted tissue into its function [26].
Having the correct materials is crucial in the making of tissues and is the first step in achieving
the formation of fully functional organs.
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1.4.3 Bioreactors
Following 3D printing of an engineered cardiac tissue or scaffold, post fabrication
methods are required to accustom the material to its new functions. Such methods are selected
based on the various properties cardiac tissue requires for optimal performance, including those
of contraction, reception and delivery of blood, and electrical signaling. Mechanical stimulation
can be performed through continuous stretching and contraction of the material as has been
performed on a cardiac patch [27]. This ensures that the material has the capability of contracting
and relaxing for long periods of time all while maintaining its original morphology. This
resistance to a permanent structural change is crucial, with the average resting heart of an adult
being between 70-80 bpm [28].
Limitations have complicated the development of cardiac tissue including oxygen
diffusion, deep cell seeding within a scaffold, and cell attachment. To overcome these obstacles,
perfusion techniques have been used to deliver nutrients throughout the bioprinted scaffold as
well as for the seeding of cardiac cells (e.g. CM, CF, endothelial cells, etc.) [29]. As a result of
perfusion cell seeding, cardiac cells become uniformly placed throughout the scaffold, allowing
for improved cell survival and proliferation [30,31].
Along with perfusion and mechanical stimulation, electrical conditioning is necessary for
the initiation of muscle contraction. The stimulation of bioprinted cardiac tissue through
electrical pulses has been shown to improve the conductive properties of cardiac cells and elicit a
contraction rate characteristic of pacemaker cells [17]. Because CM contraction must occur
simultaneously, electrical stimulation has been utilized to organize atrial and ventricular structure
and attain an orchestrated beating of all CM [18,32]. Desired characteristics of a functioning
heart have been acquired through mechanical, perfusion, and electrical stimulation, suggesting
post fabrication is needed for a fully functioning 3D bioprinted cardiac tissue to be constructed.
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1.5 CLINICAL BACKGROUND
The role of Col I and III in the heart, where their fibrous nature provides the backbone for
cardiac tissue, acting as a scaffold for CM. Col I and Col III both reside in the heart, with Col I
being the more abundant of the two. A healthy myocardial ECM is comprised of 2-4% collagen
[33]. Of this percentage, the typical cardiac muscle contains a 3:1 ratio of Col I and Col III,
whereas a fibrotic cardiac muscle contains a ratio of 9:1 of Col I and III [8]. The upregulation of
Col I is often seen after myocardial infarction (MI) and is thought to be the cause of the
stiffening of cardiac tissue by disrupting the normal ratio of 3:1 ratio of Col I and Col III [34–
36]. During such an event, CMs in the left ventricle undergo a state of necrosis and cardiac CF
are seen to be replaced by myofibroblasts as displayed in Figure 1.5. These MF are known to be
the cause behind the significantly higher Col I concentrations leading to cardiac fibrosis, a
scarring process that impacts cardiac structure and function overtime leading to heart failure [37–
39]. Thus, therapy directed at cardiac fibrosis could reduce the progression of heart failure and
other related cardiac disorders.

Figure 1.5: Histological comparison of CM in non-, mild, and severe fibrotic conditions [40].
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1.6 HYPOTHESIS
MI leads to an increase in the production of Col I by CF, resulting in loss of CM function.
The affected cardiac tissue becomes necrotic and the area remains stiff, making cardiac
contraction increasingly difficult. One of the methods considered to repair such damage is that of
re-differentiating CF into CM to compensate for the lack of CM [41]. Col I and III are known to
be crucial proteins in ECM structure within the heart [42], but their effects on CM following an
imbalance caused by the overproduction of Col I have yet to be investigated. The formation of
gels of varying Col I to III ratios is thought to allow for the study of the effects that varying
physical and biomechanical cues have on CM morphology.

1.7 OBJECTIVE
Understanding cellular behavior under damaged conditions is necessary for the
advancement of new techniques that promote tissue regeneration. The focus of this study is to
formulate a gel capable of simulating stiff ECM conditions to understand the effects on CM
following fibrosis of the heart. To start off, solutions of varying Col I:III ratios will be produced
and then formed into a gel. The aim of this step is to develop a novel technique that allows for
the inclusion of multiple types of collagen, namely Col I and III, within the same system. Col I
and III are both found within the ECM of the myocardium, and developing collagen gels
representative of healthy and damaged cardiac ECM will give insight into the mechanical
characteristics of cardiac tissue before and after MI.
Following consistent formation of each individual gel of Col I:III ratio, their structure as
well as mechanical properties will be studied and compared to each other. Because the formation
of gels consisting solely of Col I and III is novel, properties exhibiting the relationship between
Col I and III at different concentrations must be presented. These properties include porosity of
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each gel, fibril thickness, and their respective viscoelastic measurements with results from both
healthy and damaged conditions being compared to a 100% Col I control.
After characterization of each gel, CM will be placed atop the gels with the aim of
investigating the effect each ratio would present. Proliferation within each of the gels will
observed since growth and division of cells demonstrates the ability for tissue to form within
each of those conditions. Additionally, tensile forces exerted on the cells and the effects these
have on CM morphology will be studied to gain an understanding as to why cardiac function is
altered post MI with obtained parameters including cell diameter, end-to-end length, and force
distribution on cells from each ratio.
Hence, in this study Col I and III gels were made, characterized, and seeded with CM that
were analyzed for their reaction to the varying ratios. Collagen is naturally found in cardiac ECM
and has the ability to mimic the microenvironment found both in homeostatic and altered
conditions. A mixture of cells and natural biomaterials will be used for in vitro studies from
which a comprehension of cell behavior under a fibrotic state is to be attained.
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Chapter 2: Materials and Methods
2.1 Materials
A 3D Collagen Culture Kit containing Col I solution, Medium 199, and Neutralization
solution for the formation of collagen gels, was used following the manufacturers
recommendations (Cat. No. ECM765, MilliporeSigma, Burlington, MA). Purified Collagen Type
III (Bovine, Cat. No. CC078) were obtained from ThermoFisher Scientific (Waltham, MA). For
cell culture in the collagen gels, 1% Penicillin-Streptomycin and EmbryoMax L-Glutamine
Solution (100X) were obtained from Millipore. Fetal Bovine Serum was obtained from Gibco
(ThermoFisher Scientific). Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham
with 15mM HEPES and sodium bicarbonate was obtained from ATCC (Manassas, VA), and
0.25% trypsin-EDTA was obtained from ThermoFisher Scientific. Cell Trace Violet (CTV),
proliferation kit was obtained from Invitrogen (Carlsbad, CA). 4% paraformaldehyde was
obtained from Sigma-Aldrich (St. Louis, MO).

2.2 Preparation of collagen gels
3D scaffolds have become predominantly used to explore the effects of materials on
different cellular functions, hence gels composed of varying Col I:III ratios were. These include
a 3:1 ratio similar to that found in healthy cardiac tissue and a 9:1 ratio representative of tissue
afflicted with cardiac disease. A control gel made of 100% Col I (Col I: III = 1:0) was also
fabricated for all in vitro experimental analysis. The control gels consisting only of Col I,
involved an acidic Col I solution to which a neutralization solution consisting of sodium
hydroxide was added to cause a polymerization to the matrix within 15 - 30 minutes, leading to
the formation of the gels [43].
Col I solution was formed by mixing bovine Col I solution, 5X M199 medium with
phenol red, fetal bovine serum (FBS), and adjusting the pH with the neutralization solution as
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shown in Table 2.1. Percentages of each constituent were as follows: 70.2% bovine Col III
solution, 17.6% 5X M199 medium with phenol red, 10% FBS, and 2% neutralization solution. A
Col III solution was formed separate to that of Col I through the addition of 0.8µL of 0.5M acetic
acid for each µg of bovine Col III powder and stirring it overnight at 4°C. Acetic acid was then
added until the solution reached a 1µg/µL concentration at which point 0.5M of sodium
hydroxide was added accordingly, neutralizing the pH (Table 2.2). The observed gel ratios were
obtained by combining the appropriate amounts of each collagen solution, namely Col I and Col
III, into a homogeneous mixture, followed by incubation at 37°C for an hour or until gelation
was observed (Table 2.3). All gels were prepared in the same manner with the only difference
being the change in ratio when adding the respective amounts of Col I and III. Solutions
composed of a 1:1 and 0:1 Col I:III ratio were also attempted with each of these samples failing
to gel. That is not to say that Col III cannot form gels by itself. However, studies that were
successful in doing so used tropocollagen III, the structural unit of Col III. It is hence important
to note that Col III does not form stable gels by itself under the same protocol used for Col I, as
Col III is studied more extensively for its effects alongside Col I rather than by itself [44].
Therefore, Col III was incorporated into existing Col I gels in varying proportions.
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Table 2.1: Materials and amounts required for the formation of Col I solution.
Preparation of Col I Solution
Col I (µL)

Medium 199 (µL)

FBS (µL)

1200

300

170.1

Table 2.2: Materials and amounts required for the formation of Col III solution.
Preparation of Col III Solution
Col III Powder (µg)

0.5M Acetic Acid (µL)

0.5M NaOH (µL)

360

360

373

Table 2.3: Amounts of Col I and III used to form the solution of each Col I:III ratio prior to the
addition of the neutralization solution.
Preparation of Col I and III Solution
Ratio of Col I:III

Col I Solution (µL)

Col III Solution (µL)

1:0

200

0

9:1

180

20

3:1

150

50
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2.3 Absorbance assay
Gelation of 9:1 and 3:1 collagen solutions was confirmed through an absorbance assay
being observed over time with a Molecular Devices VersaMax UV/Vis Plate Reader equipped
with a VersaMax SoftMax® Pro Software (Molecular Devices, LLC. San Jose, CA). An
absorbance assay was also performed on the 1:0 sample to acquire absorbance measurements
confirming gelation in the control samples. Transmittance of light through each collagen solution
was measured over a period of 300 seconds at a wavelength of 562 nm [45]. Col I and III
solutions were prepared and placed inside a 96-well plate with n=3 for each ratio. Mathematica
11 was then used to analyze the data and obtain transmittance curves for each of the 9:1 and 3:1
gel ratios.

2.4 Rheological analysis
Rheometric analysis was performed on each of the collagen gels to determine the varying
stiffness and rheological parameters in gels made with varying ratios of Col I:III [46]. Gel discs
with an 8 mm diameter and a 1 mm thickness were cut out using a biopsy punch. Prior to
conducting a rheology test, these gel discs were immersed in 1X PBS and allowed to swell to
equilibrium. An Anton-Paar MCR101 rheometer (Anton-Paar, Graz, Austria) with an 8-mm
parallel plate geometry, was used to perform oscillatory shear stress rheometry at 1% strain and a
frequency of 0.5-50 Hz. Frequency sweeps were done to determine the strain and frequency
range within the viscoelastic range of the gels. Along with these measurements, the complex
viscosity was measured at 1.99 Hz and the elastic and complex shear moduli were calculated
using the generated values of storage and loss moduli [47].
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2.5 Fourier transform infrared spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) was performed to study the variation in
elemental composition of Col I and III within each of the collagen gels by using a Perkin-Elmer,
Spectrum 100, Universal ATR Sampling accessory. The spectra of the representative samples
were generated within the range of 650-3650 cm-1 in the transmittance mode as was performed
by [46]. GRAMS/32 (Galactic Industries Corp., Salem, NH, USA), a spectral analysis software,
was used to perform the spectral manipulations. A Specac grazing angle accessory employing an
s-polarized beam at angle of incidence of 40 and a Mercury cadmium telluride (MCT/A)
detector, was used to record the external reflectance FTIR. The background comprised of a
piranha-treated silicon wafer.

2.6 Second harmonic generation
3D characterization of collagen samples were observed using a home-built SHG
microscope [48] The light source is a mode-locked femtosecond Ti:Sapphire laser (Maitai HP,
wavelength 690-1040 nm, 100 fs, 80 MHz, Newport, Santa Clara, California). The wavelength
was set at 930 nm in order to generate an SHG signal at 465 nm. The blue detection channel has
a bandpass filter (417-477 nm) to selectively detect this SHG signal. The laser power at the
sample site was set at 250 mW with a half waveplate and a polarizing beam splitter.
Solutions used in the formation of gels of each Col I:III ratio were mixed and pipetted
directly on glass slides, 75mm x 25mm. Next, the 100 µl pipetted solution placed onto the glass
slides, was mounted with thin cover glasses (25mm x 25mm) and the samples placed in an
incubator (37C, 1 h), promoting gelation of all samples. This technique allowed for the
preparation of samples having an approximate thickness of ~100 µm. Once gelation was
confirmed by the visual detection of collagen fibrils in each sample using a bright field EVOS
XL Core (ThermoFisher Scientific) microscope, the samples were subjected to SHG microscopy
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and images were acquired with a wavelength of 930nm being used to generate second harmonic
oscillations within each collagen sample. The same excitation power was used to acquire all
images, and the intensities were directly comparable. Controls included 5X M199 medium with
phenol red pipetted onto glass slides and imaged in order to ensure SHG was produced by the
Col I fibers themselves and not the properties of the medium containing phenol red. Also
included as controls were gels of 90% and 75% Col I composition with 5X M199 medium
replacing Col III in order to demonstrate the effect of Col III on the hybrid Col I:III gels.
Acquired images were processed using ImageJ (NIH) to convert the raw images (blue) into
thresholded images (B&W) for calculation of collagen fiber lengths [49].

2.7 Collagen gel porosity
Cross sectional images of lyophilized collagen gels were obtained using scanning
electron microscopy (SEM). Gels of uniform size were prepared, lyophilized, sputter coated
(Gatan Model 682 Precision Etching Coating System, Pleasantown, CA, USA), and imaged
using an accelerating voltage of 13 kV, using SEM (S-4800, Hitachi, Japan). The obtained
images were analyzed through the use of ImageJ in order to estimate the average pore diameter
for each of the analyzed samples.

2.8 Cell culturing atop collagen gels
AC16 Human CM cell lines (MilliporeSigma) were cultured in complete Growth
Medium and passaged for in vitro stabilization prior to being used in experiments. The complete
Growth Medium consisted of Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham
with 15mM HEPES and sodium bicarbonate, liquid, sterile-filtered, suitable for cell culture. To
this, we added 12.5% FBS, 1% Penicillin-Streptomycin and 200mM L-Glutamine. The cells
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were cultured, passaged and stabilized for at least six passages before being used in experiments
with medium being changed every 24hr. At the end of every passage, normal and healthy cell
morphology was confirmed using phase contrast image acquired using EVOS Imaging Systems
displaying the morphology of healthy CM. These were then seeded atop each collagen sample,
post-gelation at a density of 4 X 105 cells/mL within 48-well plates and were incubated for 72 hr
(37°C, 5% CO2), after which they were fixed using 100 µL of 4% paraformaldehyde (SigmaAldrich) in each well for 20 minutes. The samples were then washed with 1X Phosphate
Buffered Saline (PBS) and analyzed using phase-contrast microscopy (ZEISS Axio Observer. A1
LSM 700, Germany) to elucidate the effects of varying Col I:III concentrations on CM. Images
of cells in gels were acquired after 48 hr when the cells were accustomed to their respective
collagen substrates.
The effects of varying Col I and III concentrations on CM morphology while knowing
the elastic modulus of the substrate gels can be used to predict the forces applied by the substrate
on the CM [50]. For this purpose, average cell diameter and end-to-end length were acquired for
cells cultured in each Col I:III ratio to elucidate the effect an increase in Col I, compared with
Col III, has on CM morphology. The extension of CM to a rod-like shape is imperative for
sarcomere contraction [51]. Additionally, retention of optimal cell diameter is attributed to the
cell surface area:volume ratio, which may limit a cell’s ability to diffuse nutrients if the CM
becomes too enlarged [52]. Thus, end-to-end length and diameter of cells were hence obtained
through the use of ImageJ by following previous work, allowing for a comparison between CM
parameters on varying Col I:III ratios [46]. The cellular aspect ratio was then obtained by
dividing the average end-to-end length over the average cell diameter of each respective ratio
(Col I:III), as shown by the formula:

Cellular Aspect Ratio (unit less) =

(1)
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2.9 Cellular proliferation within collagen gels
To estimate their proliferation in the collagen gels, encapsulated cells were pre-stained
using CTV proliferation kit (Invitrogen, Carlsbad, CA, USA) and subjected to Flow Cytometry
(FACS) analysis, as done earlier [46] following manufacturer’s protocols.
The CTV dye was applied at 1:1000 dilution in this study, for pre-staining cells. These
pre-stained cells were mixed with the solutions placed within 96 wells, cross-linked for gelation
and cultured for 24 hr, and 72 hr respectively (37°C, 5% CO 2). After 24- and 72-hr, cell-gel
samples were treated using Trypsin-EDTA (0.25%, phenol red) (ThermoFisher), after which the
detached cells were carefully extracted and processed for flow cytometry (FACS). Extracted
cells were fixed and processed further for FACS (Beckman Coulter Gallios Flow Cytometer,
Brea, CA, USA) using excitation and emission wavelengths of 405 and 450 nm respectively.
Positive controls included pre-stained cells grown on plastic petri dishes for 24 and 72 hrs,
respectively. Negative controls included non-stained cells grown on plastic petri dishes for 24
and 72 hours, respectively.
Results were presented as the % of cells expressing the CTV dye after each characteristic
sample run at 24 and 72 hrs, respectively. In addition, the extent of cell proliferation for each
case was calculated using formula (2) below:

(2)

Extent of Proliferation =

2.10 Morphological analysis
To simulate the applied force on each cell, Finite Element Analysis (FEA) was performed
on CM from each sample using Fusion 360 (Autodesk, Inc. San Rafael, CA). CM thickness was
estimated to be 20µm by using the average CM thickness shown in a cross-sectional profile of
the left and right ventricles in vivo [53]. A force of 1.12 x 10 -6 N was obtained by multiplying
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the known diastolic stress applied in vivo, by the average area of a CM and was subsequently
applied to each cell [54]. In order to accurately model the behavior experienced by CM in their
natural environment, the edges and bottom surface of all cells were locked in the x, y, and z
direction, with the load being applied on the top surface. FEA was done on a static stress
environment, with testing conditions being identical throughout each Col I:III ratio.
2.11 Statistical analysis
All samples were present in groups of three and all experiments were performed twice,
unless otherwise mentioned. Data are represented as the Mean ± Standard Deviation. Microsoft
Excel Student’s t-test was performed to determine if the averages of any two of the sample
datasets compared showed significant difference in their values. P-values less than 0.05 were
considered statistically significant.
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Chapter 3: Results
3.1 Confirmation of collagen gelation
Characteristic absorbance of all gels before and after the addition of the neutralization
solution, confirmed gelation in all samples through the use of absorbance assays as shown in
Figure 3.1. Both 9:1 and 3:1 collagen ratios attained a transmittance of 40% after 300 s (Figure
3.2). These results confirmed gelation for both sets of gels containing 3:1 and 9:1 collagen
solutions, in comparison with controls.
Although not depicted, we attempted to form Col I:III gels composed of 1:1 and 0:1
ratios. These however, did not undergo crosslinking and remained a solution.

Figure 3.1: Absorbance comparison of gels with varying Col I:III ratios. Average ± SD of
initial and final absorbance measurements for 1:0, 9:1, and 3:1 samples is shown. Decrease of
Col I demonstrates a decrease in absorbance for both pre- and post-gelation of solutions.
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Figure 3.2: Absorbance assay confirming gelation for Col I:III mixtures. Shown are
transmittance curves (left) depicting the rate of gelation, and corresponding images of formed
gels in wells (right) confirming the solutions have undergone gelation, for (a) 9:1 ratio (*) and
(b) 3:1 ratio (•) of Col I:III respectively.
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3.2 Stiffness and elasticity analysis
Gel discs formed from all groups exhibited clear elastic behavior (Figure 3.3a, b, c). The
equilibrium of both storage and loss modulus was found between frequencies ranging from
0.5Hz to 50Hz, which corresponded to a linear viscoelastic region. Utilizing these behaviors, the
storage and loss modulus were determined for gels of varying Col I:III ratios. Decreasing Col I
fraction decreased both storage and loss modulus, indicating higher elasticity in gels with greater
concentration of Col I (Figure 3.3d). Interestingly, decreasing Col I concentration further
decreased the complex viscosity, implying changes to the microstructure (Figure 3.3e) [55].
From the rheological data, a semi-logarithmic function was established to estimate the
amount of Col I and concurrently of Col III, based on the corresponding Elastic modulus of the
collagen gel sample. The natural log of the average Elastic modulus for each ratio was taken and
attributed to the amount of Col I present within the gel as displayed by Figure 3.4. Average
values of the viscoelastic properties of each collagen gel showed a decrease as the concentration
of Col I was reduced (Table 3.1). This can be attributed to Col I fibers being thicker than those of
Col III, as they provide great structural strength within the cardiac ECM.
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Figure 3.3: Rheology analysis of Collagen gels, obtained from a disc shaped (8 mm) sample. (a)
Representative curve of behavior of 100% Col I gels over frequency. A large frequency range
(0.01-1000Hz) was only performed on 1:0 in order to determine how large the constant region
was for the parameters studied. These results helped establish the frequency range of 0.5 to 50
Hz for testing of the Col I: III, (b) 9:1 and (c) 3:1 gels respectively. Equilibrium storage and loss
moduli of Col I:III ratios (b) 9:1 and (c) 3:1 were obtained within the frequency range of 0.5 to
50 Hz. (d) Quantiﬁcation of storage and loss modulus of Collagen gels. Moduli were measured at
1.99 Hz for all samples. (e) Quantiﬁcation of complex viscosity of Collagen gels. Viscosity was
measured at 1.99 Hz for all samples.
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Table 3.1: Rheological parameters of storage, loss, complex viscosity, and elastic moduli are
shown for the collagen gels. The natural log of the Elastic Moduli was obtained for each gel with
varying Col I percentage. The remaining percentage is attributed to Col III, determining the
ratio of Col I to III within the gel.

Col I:III

Storage
Modulus

Loss
Modulus

Complex
Viscosity

Elastic
Modulus

1:0

563

226.77

305

1824.75

9:1

409.33

125.67

215

1284.88

3:1

201.17

52.77

104.5

623.94

Figure 3.4: Semi-logarithmic model of the average Elastic modulus vs the component
percentage of Col I within the gel. The fit shows the function of the elastic modulus found at
1.99 Hz.
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3.3 Microstructure and microenvironment assembly
The non-linear optical method of SHG microscopy has recently emerged as a powerful
non-destructive tool for visualizing the supramolecular assembly of collagen in tissues at a great
level of precision and detail. Among the collagens, Col types I and II form aligned fibers and can
be detected using SHG imaging [56]. In contrast, collagen types III and IV are not fibrillar and
therefore do not produce sufficient SHG signals for imaging [57]. Based on this knowledge, it
was hypothesized that images acquired from gels with varying Col I:III ratios would exhibit
SHG signals with changing intensity as the amount of Col I varied proportionately in
characteristic samples. Phenol red solution used as a control for this experiment provided a
signal in the green channel, but not in the blue channel, indicating the presence of phenol red and
its lack of SHG signals (Figure 3.5). Results allowed a comparison of the acquired SHG images
of self-assembled collagen gels which showed a similar fiber alignment in all cases, but a
significantly different distribution in intensity (*p<0.05) as the amount of Col I decreased
proportionately in gels having Col I:III of 1:0 to 9:1 and in 3:1 (Figure 3.6 a-f). In Figure 3.6d, e,
f, SHG images of self-assembled gels from Col I:III in the ratio of 1:0 (p=0.024), 9:0 (p=0.006)
and 3:1 (p=0.001) confirmed a similar fiber alignment in all cases, yet varying image intensities
in all samples (Figure 3.6g). The average fiber length of Col I acquired in each sample, 49 ± 6.43
m for the 1:0, 48.63 ± 7.99 m for the 9:1 and 48.63 ± 7.01 m for the 3:1, respectively, were
not statistically different when compared across different samples (Figure 3.6g). Comparative
images acquired using brightfield imaging also qualitatively confirmed the same (Figure 3.6 a-c).
Results obtained from removing Col III while maintaining a 90% and 75% concentration of Col I
demonstrated a decrease in intensity with the reduction of Col I concentration (Figure 3.7d, e).
Brightfield images confirmed gelation of the 90% and 75% Col I solutions (Figure 3.7a, b) as
well as the presence of Col III in hybrid Col I:III gels as shown in Figure 3.7c.
FTIR analysis of Col I: III present as 1:0, 9:1, 3:1, and 0:1 shows the 3:1 spectrum
contains a strong peak at 1550 cm-1, matching that of the 100% Col III spectrum and indicating
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a higher concentration of such collagen. The 9:1 spectrum however, has stronger signals at
wavenumbers 1050 and 1200 cm-1, characteristic to Col I, qualitatively confirming the presence
of Col I and III within the composition of 3:1 and 9:1 gels (Figure 3.8).
Cross-sectional SEM images of gels with varying Col I:III revealed varying structural
characteristics among the different gels, where the 3:1 ratio was observed to be highly organized
and striated with homogeneous distribution of pores (Figure 3.9c), while 1:0 and 9:1 lacked fibril
organization associated with non-homogenously distributed pores (Figure 3.9a, b). This
difference in structural composition led to varying average pore diameters across each collagen
ratio, with 1:0, 9:1, and 3:1 having an average pore diameter of 16.33±6.23 µm, 14.65±6.06 µm,
and 13.83±7.54 µm respectively (Figure 3.9d), although the values were not significantly
different. There is an accumulation of fibers at higher concentrations of Col I, which leave
greater gaps in the scaffold structure [6].
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Figure 3.5: SHG imaging in Blue channel (left) and Green channel (right) of a control sample of
phenol red is shown. Signal is detected in the green channel, but not in the blue channel,
indicating the presence of phenol red and its lack of second harmonic generation. Phenol red
was present in the Collagen gel kit for making all gels therefore it was analyzed as a control for
this set of experiments.
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Figure 3.6: SHG Imaging and Analysis. Shown in (a-c) are representative brightﬁeld images of
the collagen gels acquired using a 10X objective. In (d), (e) and (f) montage of SHG imaging of
collagen gels are shown. Scale bar denotes 50µm in all images. (g) Average length ± SD of Col I
for each sample is depicted (black bars) alongside average image intensity ± SD represented as a
bar graphs (gray bars). Average intensity of Col I ﬁbers signiﬁcantly reduced in samples with
proportionate increase of Col III. * indicates statistically signiﬁcant data with p<0.05.
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a)

d)

90% Col I Only

b)

75% Col I Only

90% Col I Only

c)

e)

100% Col III

75% Col I Only

Figure 3.7: Brightfield images for 90% and 75% Col I only are shown in (a) and (b). Brightfield
image of Col III is depicted in (c). In (d) and (e), SHG images of gels consisting of 90% and 75%
Col I only are shown. The decrease of Col I concentration from 90% to 75% lowers the intensity
of the SHG images.
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Figure 3.8: FTIR performed on gels composed of 3:1 and 9:1 Col I:III ratio. The 3:1 spectrum
has a stronger peak at 1550, matching that of Col III and indicating a higher concentration of
such collagen. In comparison, the 9:1 spectrum shows stronger signals at a wavenumber of 1050
and 1200, specific to that of Col I.
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Figure 3.9: SEM Imaging and Analysis. Shown in (a-c) are representative SEM images of the
porosity of collagen gels. Cross-sectional view of gels with Col I:III ratios of (a) 1:0, (b) 9:1, and
(c) 3:1. Scale bar denotes 50 µm in all images. (d) Average ± SD of pore diameter for each gel
represented as a bar graph.
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3.4 Cell proliferation
CM proliferation was estimated through flow cytometry (FACS) following pre-staining
by CTV with fluorescence dimming with each new generation of CM. After a 24hr period,
97.95%, 94.12%, and 95.05% CM that expressed the CTV dye were detected in the samples
prepared from the 1:0, 9:1, and 3:1 gels respectively (Figure 3.10 a–c) with the positive control
expressing 98.58% CTV-stained CM. On the contrary the negative controls expressed only a
negligible amount of 4.85%. After 72 hrs, 65.17%, 81.73%, and 89.44% of CTV-stained CM
were detected in the samples prepared from the 1:0, 9:1, and 3:1 gels, respectively. The extent of
cell proliferation within the 1:0, 9:1, and 3:1 gels was calculated to be 8.6%, 12.6% and 30.5%
for each of these gels, respectively, as shown on Figure 5d. The presence of multiple peaks is
representative of successive generations of CM (Figure 3.10 a–c) [58]. CM proliferation was
seen to increase with the decrease of Col I, pointing to reduced cell division within the fibrous
habitat of post-infarction myocardial tissue.
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Figure 3.10: Human CM cultured in collagen gels and analyzed for CTV expression through
Flow Cytometry (FACS) analysis. Trends of cell proliferation are shown for gels with Col I:III at
(a) 1:0, (b) 9:1, and (c) 3:1 ratios after 24 hr of culture. (d) Shown are the % of cells expressing
the CTV dye, obtained from different samples at respective time points. Samples included the
collagen gels and controls. Positive controls included cells that were treated with the CTV and
negative controls included cells cultured without the addition of the CTV dye. Extent of
proliferation was obtained by identifying the difference between both incubation periods for each
respective ratio and normalizing the result over the 24 hr time point for 1:0 gels. The extent of
proliferation was shown to increase with the decrease of Col I, indicating CM proliferation under
a less-stiffer or compliant environment.
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3.5 Tensile forces
Cell force analysis revealed applied stress to be centralized for cells cultured within Col
I:III gels in the ratio of 1:0 and 9:1 (Figure 3.11a, b), but equally dispersed for 3:1 samples
(Figure 3.11c). For the 1:0 and the 9:1 gels, resultant tensile forces within the cells showed an
unequal distribution of forces with an increase of maximum stress applied towards the center
(Figure 3.11a, b). The increase of central tensile forces in cells in the 9:1 gels is similar to the 1:0
ratio, where the lack of cellular elements of compression caused an increase of traction forces
onto the gel's surface [59]. An overall less elongated cell morphology in Col I:III, 1:0 and 9:1
samples can be attributed to a disruption of the regular alignment of microtubules within the
cells’ cytoskeleton. Due to the absence of this element, traction forces applied by cells onto the
gels’ surface increases, as microtubules have been found to sustain compression forces within the
cell, stabilizing both cell shape and cell-surface tensile forces. Tensile forces within cells
cultured in 3:1 gels were found to be well distributed, in contrast (Figure 3.11c). Conserved cell
morphology of CM allows for an element of compression within the cytoskeleton of the cells,
preventing them from exhibiting traction forces upon the surface of the collagen gel in
accordance with the tensegrity model [59]. A clear distinction was seen in cells cultured atop 3:1
gels compared to other cases, with normal cell morphology being conserved, as the presence of
aligned microtubules provides an element of compression, which counteracts tension forces
intrinsic to the cytoskeleton of cells.
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Figure 3.11: Cell force analysis of CM atop Col I:III ratio (a) 1:0, (b) 9:1, and (c) 3:1.
Maximum stress is seen to be applied to cells cultured in the 1:0 and the 9:1 gels, but not the
3:1 gels where the forces on the cells appear homogenously distributed.
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3.5.1 Resultant cell morphology
The resultant morphology of the CM varied based on the characteristic gel on which the
cells were cultured. CM in Col I:III, 1:0 and 9:1 gels were shown to exhibit a change in
morphology as they transformed from their normal rod-shape to a shorter morphology as seen in
Figure 3.12a and b. In contrast, CM in 3:1 gels maintained their elongated, rod-shaped
morphology (Figure 3.12c). CM were found to have proliferated in all samples, hence images
were obtained from areas of relatively lower cell density to capture the characteristic
morphology of each case. Cells cultured within 1:0 gels had an average length of 63.16±10.36
µm and measured 63.89±9.85 µm on 9:1 gels while those on 3:1 gels distinctively measured
86.01±28.83 µm (*p<0.05 compared to other cases) maintaining a length closest to the known
100 µm end-to-end length for in vivo CM [60] (Figure 3.12d). The relationship established
between the average end-to-end length of CM and the Elastic modulus of each gel substrate is
depicted in Figure 3.12d, where cell length was seen to decrease with the proportional increase in
the substrate stiffness varied by the amount of Col I incorporated. Average cell diameter was also
seen to vary across samples with measurements of 20.5±4.23 µm, 22.52±3.7 µm, and 23.59±6.91
µm for Col I:III in ratios of 1:0, 9:1, and 3:1, respectively. Thus, cell morphology and parameters
were altered due to a change in the Elastic modulus, as a rise in the amount of Col I leads to an
increase in CM diameter and a shorter end-to-end average cell length. This led to varying cellular
aspect ratios for the 1:0, 9:1, and 3:1 cases, with values of 3.3±1.2, 2.9±0.8, and 4.0±1.9 being
calculated respectively (Figure 3.12e). A higher Elastic modulus, characteristic of a stiffer
environment within the cardiac muscle, can therefore be attributed to the subsequent Col I build
up following fibrosis bringing about a loss of contractility [61]. The resulting loss in the
contractile ability of the cardiac tissue in such circumstances could be a possible outcome of
decreased end-to-end cell lengths imparting a rounded morphology to the CM, in contrast to their
elongated nature, which is characteristic of healthy CM. This may lead to decoupling of the
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electrically conductive CM with their counterparts [62]. Controls as shown in Figure 3.13,
depicted a normal elongated cell morphology when cultured atop plastic tissue culture wells.
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Figure 3.12: Comparison of cell morphologies for Human AC16 CM grown atop gels containing
Col I:III as (a) 1:0, (b) 9:1, and (c) 3:1 after 48 hr of in vitro culture. Average end-to-end length
of the cells was measured (d) for each case and the data represented as bar graphs show the
Average Length ± SD of cells in each gel. Cells exhibited a characteristic rod like shape with the
decrease of Col I content in the gels, indicating a healthy and functional CM morphology. (*)
indicates statistically signiﬁcant data with p<0.05. (e) Cellular Aspect Ratio vs Elastic Modulus
of collagen gels. Increase in the aspect ratio was evidenced with a decrease in the amount of
Col I, and proportionate increase of Col III.

41

Figure 3.13: CM in 2D culture wells displaying the morphology of healthy CM.
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Chapter 4: Discussion
The unique mixture of Col I and III can provide an understanding of the difficulty in
regenerating cardiac tissue after it has become fibrotic. The biochemical and biophysical cues of
such gel give insight into the behavior of CM during an imbalance of Col I:III ratio. Moreover, it
can lead to the restoration of CM by differentiating CF to CM or through the reduction of ECM
stiffness via controlling the output of Col I. One must note that by themselves, Col I and Col III
are not sufficient for restoring fibrotic cardiac tissue due to their inability to allow for healthy
CM growth. Despite having excellent cell adhesion properties, Col I alone is known for causing
fibrotic conditions within the heart, which is followed by CM death or loss of functionality. In
contrast, a hydrogel composed of the proper amount of Col I and III could be used to promote
regeneration of the fibrotic tissue, or integration of tissue developed in vivo into the fibrotic
cardiac region. Therefore, this work presents a hybrid hydrogel system of Col I and Col III used
to examine the effects that Col I:III ratios representative of a heart pre- and post MI have on CM.
Furthermore, to understand the physical impact of a stiffer ECM on cells, the force applied on
CM atop each gel ratio was investigated and the resulting morphology observed. Collagen is
naturally found within the natural ECM of cardiac tissue and provides a suitable environment for
maintaining CM structure and function.
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4.1 Gel development
Tissue engineering has seen a great deal of progress in the production of scaffolds that
meet both mechanical and anatomical requirements. Such requirements have been met by
improvements to scaffold design and biomaterial choice, with more stable and porous structures
leading to increased cell proliferation. Attempts have also been made to regenerate multiple
types of tissues at once, with tissues that are naturally found adjacent to each other within the
body grown together using multiple types of cells [50]. The developed combinations of Col I and
III within a gel scaffold have brought about an understanding of fibrillogenesis within the heart
as a result of an unbalance in homeostatic Col I and III concentrations. To successfully stabilize
every gel, the acidic pH of both Col I and III had to be neutralized. Each of the Col I and III
mixtures was confirmed to gel, with an absorbance assay that demonstrated fibril formation over
time in Col I:III gels containing 9:1 and 3:1 ratios. A reduction in transmittance indicated the
formation of fibrils and an increase in their density, as less light was allowed to penetrate
through the solidifying opaque gels. Over a 5-minute time frame, 9:1 and 3:1 Col I:III gels
demonstrated a drop in transmittance presenting evidence of a concluded gelation process. The
curves were similar to that found in previous work, with collagen gels undergoing turbidity
assays measuring absorbance, a measurement whose relationship with transmittance is defined as
in accordance with the Beer-Lambert Law [63,64].
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4.2 Microstructure and microenvironment assembly
The comprehension of a scaffold’s composition brings about the ability to modify them
in order meet a tissue’s requirements for proper repair. Col I and III have a very similar structure
with a few differences distinguishing the two. Col III, unlike Col I, is a homotrimer composed of
three αI(III) chains and contains disulfide bonds within its structure. To prove our mixed gels
were composed of both Col I and III, FTIR was used. However, because of their resemblance,
FTIR can only be used as a qualitative measurement, displaying the subtle differences in peaks
between these two proteins. This study also presented the use of SHG imaging to detect and
confirm collagen fibril formation in self-assembled gels using varying ratios of Col I:III and to
distinguish between these gels based on the results obtained. The primary advantage of SHG
over other imaging techniques is the ability to directly visualize protein assemblies without
relying on inferences from use of exogenous labels, and further, to extract more structural
information via polarization and directional resolved methods [65]. Furthermore, this technique
is non-destructive and will be of added advantage when these unique compositions of Col I:III
are adopted towards 3D printing of collagen based scaffolds for tissue engineering. Additionally,
SEM established a relationship between average pore diameter and Col I concentration for each
gel in question, with the pore diameter of each sample increasing along with their respective Col
I composition. Such connections can be attributed to the density of the fibers, which are of wider
range in samples of greater Col I ratio. This increase of fiber diameter results in a smaller
number of fibers required to achieve a stabilized gel structure, generating a greater amount of
spacing between fibers, and consequently, an increase in porosity [6].
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4.3 Mechanical analysis
Collagen is well known for its ability to withstand mechanical forces as it pertains to the function
of various tissues. Its ability to maintain its structural integrity despite sometimes being placed
under continuous stress is perhaps why collagen is the most abundant protein found within the
body [66]. Although Col I and III are commonly found in vivo, our study in vitro demanded that
the mechanical characteristics of Col I and III be obtained by way of measuring the viscoelastic
properties of our conjoint gel. Therefore, mechanical analysis of 1:0, 9:1, and 3:1 gel samples
through rheology was performed to estimate the average Elastic modulus and complex viscosity,
and hence understand how increased concentrations of Col I can impact CM. A significant
reduction in the mechanical properties of these gels was observed as the proportion of Col I
within the gel decreased. Subsequent deposition of thicker Col I fibers on the infarcted cardiac
tissue, corresponding to the 9:1 gel sample, are therefore thought to cause the tissue to stiffen and
lose its contractile ability. The affected area’s inability to properly contract forces the surviving
tissue to become enlarged in an attempt to make up for the loss of functionality, resulting in a
higher probability for cardiac arrests over time [67].

4.4 Cell proliferation
Even though Col I and III have been shown to be biocompatible individually [68],
evidence that gels involving both types of collagen are not cytotoxic to cells and sustain their
proliferation had not been presented until our study. It was hence imperative that our experiment
succeeded, as this would show our gels’ biocompatibility while demonstrating the effect that
altering Col I amounts has on CM’s ability to grow and divide. Hence, in the present study
collagen gels were seeded with CM and cultured over periods of 24 hr and 72 hr, after which
they were collected and used for a CTV assay. The CTV assay applied on each of the gels in
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question suggested greater cell proliferation in a 3:1 environment as compared to those of 9:1
and 1:0 Col I:III. Such implication is justified, as a 3:1 ratio is found in healthy cardiac tissue,
while overproduction of collagen in the 9:1 case, is characteristic of cardiac muscle tissue post
MI. This finding illustrates the impact fibrillogenesis has on the heart, with CM being placed
under strain as the surrounding ECM becomes increasingly fibrous [69].

4.5 Cell morphology in response to environmental forces
A balance of Col I and III within the cardiac ECM provides the architecture needed for
CM contraction. Hence we sought to investigate the forces provided by our gels with varied
stiffness. This study saw shear forces applied by CM onto their respective collagen ratios
indicate that traction forces involving 1:0 and 9:1 samples were focused towards the center,
while those in 3:1 were equally distributed within each cell. The assertive distinction between
shear forces can be attributed to the tensegrity model discussed by Ingber, in which cell
geometry of unhealthy cells sees a decrease in microtubules throughout the cytoskeleton [59].
Such microfilaments are responsible for sustaining compression, balancing internal tension
throughout the cell, and allowing for healthy cell morphology. Balanced internal forces within
cells then prevent traction forces from being applied onto the culturing surface, allowing for a
homogenous distribution of shear stress.
The effect fibrosis has on CM is evident in in vivo studies, but was unknown in the
fibrotic environment our gels reproduced. CM morphology was therefore studied following the
culture of cells in each collagen gel, revealing a change in shape which may indirectly correlate
with the acute damage to CM brought about by MI. Typical CM structure can be described as a
long, rectangular rod, which allows for the smooth contraction of the myocardium [70]. In
contrast, fibrotic myocardium contains round and condensed CM that increase the difficulty of
47

cardiac contraction [71]. This alteration of morphology after MI complicates contraction of the
heart and facilitates the occurrence of relapsing episodes. This is due to the fibrotic left ventricle
becoming a weak spot that is unable to withstand the same load as previously capable. Our
observations demonstrate that increased difficulty to contract is not only due to the increased
stiffness produced by Col I overproduction, but also by CM inability to contract as a result of
their round morphology.
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Chapter 5: Conclusion
The primary objective of this study was to develop a hybrid Col I and III hydrogel
capable of simulating stiff ECM conditions in order to comprehend the effects on CM following
fibrosis of the heart. The system can be quickly made with ease and was developed to mimic
conditions characteristic to damaged and healthy cardiac tissue. In this study, structural and
mechanical characterization techniques were used to uncover the properties inherent to our
newly synthesized hydrogel. Additionally, this study provides with results of in vitro cell culture
and demonstrates the potential our hybrid system has for investigating other types of cells under
fibrotic conditions.
The composition of the developed hydrogel was confirmed to be of Col I and III fibers
through the use of FTIR and SHG imaging. However, a similar result was obtained with the
removal of Col III during SHG imaging. Due to its inability to generate second harmonics this
result is not indicative of Col III not having an effect on the hybrid Col I:III gels, but it informs
us that a different technique must be used in order to positively confirm Col III also plays a role
in the characteristics of our gels. The Col I and III mixture was confirmed to gel using kinetic
absorbance assays that produced transmittance curves much like those found in literature.
Structurally and mechanically, pore diameter and Elastic modulus were seen to decrease with the
reduction of Col I matching in vivo characteristics.
The hybrid Col I and III hydrogel displayed good biocompatibility, with CM attaching
and proliferating atop each collagen ratio. Force analysis showed gels with higher amounts of
Col I causing tensile forces to develop towards the edge of each cell, while gels representing
healthy tissue caused forces towards their center. Furthermore, the effect tensile forces had on
cell shape was evident, with gels producing forces towards the edge causing CM to become
round. Overall, the present study presents a new approach in cardiac tissue engineering for
investigating the effects of cardiac fibrosis on CM that may also be adopted for use in other
fibrotic tissues.
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5.1 Future work
This hydrogel system provided enough data to confirm its functionality in vitro. Some
future work to be considered as a continuation to this project would be to research the possibility
of injecting the Col I and III solution into a scaffold corresponding to the desired tissue of
interest, and then crosslinking it to form a 3D system. Tissue formation in vitro is more
prominent in 3D systems due to the ability to provide biochemical and biophysical cues in all
directions as it occurs within the body. Hence, a 3D system of Col I and III that mimics fibrotic
conditions can be expected to provide a more complete understanding of cell behavior within
such scaffold [72]. Additionally, a 3D model of the forces applied on cells within this system
could be developed.
Another possibility for future work would be to vascularize the current Col I:III gels in an
attempt to revert fibrotic conditions and return CM back to a rod-like shape. Because the heart is
not efficient at providing blood to damaged portions of itself, mimicking the vascularization of
damaged regions could potentially allow for the growth of CM, decreasing the output of Col I by
CF, as well as the stiffness of such region [13].
Future work could also be sought in using this hybrid system to investigate the effect
fibrotic conditions have on other cell types corresponding to organs that also undergo fibrosis
(lungs, arteries, liver). Because collagen is naturally found within the body, we can expect this
hybrid hydrogel to be biocompatible with other cell types that also experience fibrosis, allowing
for the reproduction of the same outline as this study [73].
An issue that has been of great interest in tissue engineering is the ability to use collagen
as a 3D bioprintable material. Hence, Considering the hybrid system in this study for bioprinting
would allow for a further accurate 3D study of multiple tissue constructs with the additional
ability to alter the stiffness of the gel in accordance with the desired tissue of interest. Because
the formation of collagen fibrils is dependent on pH, one could alter this pH to reduce the
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stiffness of the gel for bioprinting and continue to crosslink the gel with genipin to ensure
structural stability of the newly printed design [63], [74]
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